ABSTRACT The first step in the replication cycle of the single-stranded DNA phages is the conversion of the infecting positive strand circle to a duplex ring. This event involves the de novo initiation of a negative strand, using the infecting positive strand cycle as a template. The synthesis of the negative strand is in many respects analogous to the formation of a fragment during cellular DNA replication. In this paper we describe the initiation of the negative strand of bacteriophage G4. The data establish that, in vivo, the synthesis of the G4 negative strand is initiated at a specific site, which we have mapped on the 5400-base viral chromosome. The single-stranded DNA bacteriophages represent model systems for the study of DNA replication; Each of these viruses contains its genetic information in the form of a single-stranded circle. The initial step in the virus DNA replication cycle is the conversion of this positive strand circle to the duplex state. This event requires the de novo initiation of a negative strand, using the infecting positive strand as a template (Fig. 1A) .
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The synthesis of the negative strand occurs even if the infected cells are precultured in a high concentration of chloramphenicol, so that viral-directed protein synthesis cannot occur (1) . Thus, it can be concluded that the synthesis of the negative strand is mediated entirely by host-cell enzymes. In fact, many of these enzymes are normally involved in the replication of the bacterial chromosome: several mutations that render bacterial DNA synthesis thermolabile (2) also block the synthesis of the viral negative strand (3, 4) . Therefore, synthesis of the viral negative strand and replication in the bacterial DNA growing points share at least a partially common enzymatic mechanism.
Furthermore, the initiation, elongation, and closure of the negative strand resemble the initiation, elongation, and closure of DNA fragments at the bacterial growing points (compare Fig. 1A By three independent restriction enzyme analyses, we can define the initiation point: It is 375 bases from the unique EcoRI cleavage site on the G4 chromosome, 235 bases from a specific HindII site, and 100 bases from a specific Hae III site. This result is consistent with, and complements, the in vitro experiments with G4 carried out by Zechel and associates (6, 7) . The usefulness of these findings lies in their definition of an experimental system that is particularly well-suited for studying the de novo initiation of a DNA strand. 
EXPERIMENTAL DESIGN
To study the initiation of the G4 negative strand it was necessary to obtain a collection of positive-strand template circles upon which negative-strand synthesis had been initiated but not completed. These molecules could then be analyzed to determine whether the synthesis of the negative strand had begun at a specific site.
Two general results may be expected. If replication were to begin at a different site on each chromosome, then all G4 sequences would become duplex on one or another partially replicated molecule. This alternative is shown in Fig. 2B . However, if negative-strand synthesis begins at a unique site on all G4 chromosomes, then roughly the same sequences would be converted to the duplex state in nearly all partially replicated molecules ( Fig. 2A) .
To obtain a collection of partially duplex rings, we needed a way to arrest negative-strand synthesis partway around the template positive-strand circle. This must be done in order to prevent the growing 3' end of the negative strand from approaching the 5 (Fig. 3) . The thymine dimers present a block to the forward movement of the replication machinery (9) (10) (11) (12) .
After infection, the cells were allowed 15 min in which to convert the infecting (and 3H-labeled) positive-strand circles to duplex rings. Then, the cells were harvested and the input G4 rings were recovered from the total cell lysate by centrifugation to equilibrium in CsCl (Fig. 4) .
The partially duplex rings were digested with S-1 endonuclease to remove the portion of the template DNA that was still single-stranded. We then determined whether a specific part of the input positive strand had been converted to doublestranded DNA by using restriction enzymes.
It is expected that (i) the partially duplex rings will release only a subset of the fragments found in fully duplex rings ( Fig.  2A) or, alternatively (it) all restriction fragments will be represented in the collection of partially replicated rings (Fig.  2B ).
RESTRICTION ENZYME ANALYSIS OF THE
PARTIALLY DUPLEX RINGS To determine which region of the G4 chromosome first became duplex, we used the restriction enzymes HindII, EcoRI, and Hae III. . In contrast, cleavage of the duplex material derived from partially replicated molecules produced only a subset of these fragments (Fig. 5C ). Bands representing fragments B, C, D, and E were visible but fragment A was missing. Furthermore, bands B and D were prominent whereas bands C and E were very faint.
These observations are readily explained if initiation of the negative strand begins in fragment A and synthesis proceeds sequentially through areas B, D1, E, C, and D2 and then back through region A (Fig. 5A) We followed the UV-induction of thymine dimers by measuring the decrease in viability that accompanied irradiation of the phage. It is assumed that phage surviving exposure to UV light for a given time contain no thymine dimers. Then, by using the Poisson equation, it could be calculated that, in phage that had been irradiated for 30 sec (survival rate, about 0.1%), the average viral chromosome contained seven thymine dimers.
in fully duplex G4 rings (Fig. 5C, band Z) . This fragment cannot be a partial digestion product because it is smaller than all of the other G4 HindII fragments. It can be readily explained, however, as representing the sequence from the replication origin to the first restriction site along the duplex-that is, between fragments A and B. The size of the new fragment places the initiation site on the positive-strand template at about 235 bases from the first HindII site.
The interpretation of the HindII digest can be verified by further analysis using different restriction enzymes. A fully duplex G4 chromosome is cleaved only once, at a specific site, by EcoRI (Fig. 5A) . If replication indeed begins in fragment A, 235 bases from the first HindII site, then EcoRI cleavage of S-1 treated, partially replicated molecules would be expected to release a unique fragment representing the region from the origin to the cleavage site, some 375 bases away. This fragment was indeed released by EcoRI, as shown in Fig. 5D .
A final confirmation of the results derived from the studies with HindII and EcoRI was obtained by using the restriction enzyme Hae III. When the partially replicated rings were digested with Hae III, only fragments 4 and 7 were found to have 370 and treated with self-digested (13) Pronase (1 mg/ml, 37°, 2 hr).
The G4 partially duplex rings were recovered from the unfractionated cell lysate directly by centrifugation to equilibrium in CsCl (mean density: 1.725 g/ml). Centrifugation was carried out at 31,000 rpm and 15°for 60 hr in a Beckman type 40 fixed-angle rotor. The gradients were collected, and 5-Ml aliquots were assayed for 3H (0-0). More than 80% of the radioactive input DNA was routinely recovered, and virtually all of this label appeared in a single peak, near the middle of the gradient, slightly more dense than marker duplex DNA (0 ---0). To further purify the sample, a second centrifugation of the labeled material was often used. Prior to analysis with restriction enzymes, the partially replicated molecules were dialyzed and stored in 10 mM Tris, pH 7.4/1 mM EDTA.
often been converted to the duplex state (Fig. 6 ). An additional fragment, about 100 base pairs long, was also released from the partially duplex rings. This fragment is interpreted as representing the sequence from the origin to the first Hae III site.
Therefore, from analysis with three different restriction enzymes it may be concluded that G4 positive strands become converted to double-stranded circles by initiation of the negative strand at a point 375 bases from the EcoRI cleavage site, 235 bases from a defined HindII site, and about 100 bases from a defined Hae III site. That is, the initiation of the G4 negative strand is site-specific. of converting G4 positive strands to duplex rings in vitro. The product of this reaction is a duplex ring with a small gap remaining in the newly synthesized negative strand. Analysis of these duplex rings shows that the gap in the negative strand is located at a specific site. That is, cleavage of these molecules with the restriction enzyme EcoRI divides the negative strand into two discrete fragments. One fragment is a nearly fulllength linear and the other is -a piece estimated on a sucrose gradient to be about 250 bases in length because it contains about 5% of the radioactivity present in the original negative strand. Because the large fragment contains the 3' end of the nascent strand, these authors were able to conclude that, in their in vitro system, replication of the negative strand is initiated about 250 bases from the EcoRI cleavage site, with synthesis proceeding through this site as the negative strand is elongated.
COMPARISON WITH IN VITRO RESULTS
As noted by Zechel and associates, the strength of these results rests on the assumption that in vitro events reflect accurately the in vivo replication mechanism. The physiological conditions for replication of DNA starting with a phage particle and a cell differ from those that occur when purified DNA and proteins are incubated in vitro. For instance, any involvement of membranes in the replication process or a coupling of de-encapsidation with synthesis (23-25) would be bypassed. It is therefore useful that information obtained from in vitro systems be complemented by information derived directly from infected cells.
The experiments reported in this paper studied the synthesis of the G4 negative strand in the intact cell. They are based on the isolation of G4 positive strands that have been only partially converted to the duplex state. Pyrimidine dimers induced in the infecting positive strands with UV light were used to block the forward movement of the replication machinery and prevent the synthesis of full-length negative strands. It was thus possible to isolate structures made in viwo in which the negative strand had been initiated but not completed. Working with these partially duplex rings, we used restriction enzymes to determine the portion of the G4 positive strand that had become duplex. The results, obtained with four independent preparations of partially duplex rings, demonstrate that negative-strand synthesis begins at a specific site on the G4 single-stranded template DNA. The first part of the G4 positive strand to be made duplex is about 100 bases from a defined Hae III site, with synthesis then proceeding through a HinduI site, the EcoRI site, and then around the circle until a thymine dimer block is encountered (Fig. 5A) . Our location of the origin, 375 bases from the EcoRI site, differs slightly from the 250-base distance estimated by Zechel and associates (6, 7), but this small difference is readily explained by the higher resolution offered by polyacrylamide gel analysis.
The major conclusion is that both the in vivo and the in vitro experiments complement one another and yield the same answer. Initiation of the G4 negative strand, an example of the de novo initiation of a DNA fragment, occurs at a specific site.
We have also carried out the experiment described in this paper with another single-stranded DNA bacteriophage, OX174. In the case of OX we find that the initiation of the negative strand is not strictly confined to a single site. Although there may be a preferred initiation site near the boundary between genes A and H, there appears to be at least two or three other starts in the adjacent 50% of the template ring containing genes F,. G, and H. Few if any strong starts occur in the remaining portion of the positive-strand template. In sum, there is no evidence for the initiation of the OX negative strand at a Analysis of the G4 partially duplex rings was carried out as follows. Single-stranded regions were removed from the partially duplex rings by digestion with S-1 endonuclease (18, 19) . The 3H-labeled positive strands were generally 5-15% resistant to S-1 digestion (totally single-stranded G4 DNA was 1-2% resistant to S-1). To prepare the resulting duplex molecules for restriction enzyme cleavage, the DNA was extracted twice with an equal volume of phenol (pH 7.5, 250). The sample was then concentrated by precipitation with ethanol, carrier tRNA was added to 10 pg/ml along with 0.1 volume of sodium acetate (pH 4.6) and 2.5 volumes of ethanol, and the mixture was incubated at -70°for 10 min. The DNA was pelleted by centrifugation (10,000 X g for 10 min) and dried in a vacuum desiccator. The DNA was then resuspended in an appropriate buffer and treated with either HindII or EcoRI. After digestion, the DNA samples were again phenol extracted and ethanol precipitated. Finally, for loading on-polyacrylamide gels,;the DNA samples were resuspended in 20 Mul of 10 mM Tris, pH 8.3/0.1 mM MgCl2 and brought to 10% in glycerol, 0.1% in bromphenol blue, and 0.1% in xylenecyanol. The samples were electrophoresed on a 20 cm X 20 cm polyacrylamide slab gel (4% acrylamide/0.133% NN'-methylenebisacrylamide/100 mM Tris, pH 8.3/1 mM MgCl2) for 4 hr at 300 V. The bands on the polyacrylamide gels were visualized by 3H autofluorography (20) . To detect the relatively weak 3H decays, the gel was impregnated with the scintillant 2,5-diphenyloxazole. To this end, the gel was immersed in 20 volumes of dimethyl sulfoxide with gentle stirring for 1 hr. The initial batch of dimethyl sulfoxide was replaced with a fresh batch and the gel was soaked for another hour. The solvent was replaced again, this time with 4 vol of dimethyl sulfoxide containing 20% 2,5-diphenyloxazole. After 1 hr of equilibration, the gel was washed extensively with distilled water (upon exposure to the water, the scintillant precipitates in the acrylamide matrix); the gel was then washed and dried. Autoradiography was carried out at -700 with Kodak XR film. With this procedure, a band containing 500 3H cpm is readily visible after a 24-hr exposure. Preflashed film (21) G4 fully duplex rings and S1-digested partially duplex-rings. Of the fragments released from fully duplex rings (left lane), only a few were found in the partially duplex molecules (middle lane). Evidently, conversion of the infecting G4 positive strand to the duplex state first occurs in the region of fragments 4 and 7. A small fragment, about 100 base pairs long, was also released from the partially duplex rings (right lane, which is an enlargement of an appropriate gel section). It is interpreted as representing'the region from the negative-strand initiation site to the first Hae III site (see Fig. 5A ). bp, base pair.
